Windcatchers are roof mounted devices that use the action of the wind to provide top down natural ventilation to a room. Here, fresh air is channelled into a room whilst at the same time stale air is drawn out of air room, providing a simple but attractive natural ventilation methodology that is increasing in popularity in U.K. schools. However, an analysis of the performance of Windcatchers has largely been limited to laboratory based measurements and the use of CFD to generate predictions. Moreover, analysis is normally restricted to the operation of an autonomous Windcatcher, whereas in reality a Windcatcher is likely to operate in a building in which other sources of ventilation are present, an open window for example, and this can significantly alter the performance of the Windcatcher. The aim of this article is to provide a tool for estimating the performance of a Windcatcher from basic data that is typically available to the engineer in the building design phase. Accordingly, the methodology uses data that one could reasonably be expected to have for a building's performance prior to estimating the behaviour of the Windcatcher. This article also reviews the ventilation performance of Windcatchers operating in situ by measuring their performance in U.K. schools both with and without open windows. Predictions generated by a semi-empirical model are then compared against measurement data and this is shown to deliver generally good agreement between the two, both with and without open windows, provided the theoretical predictions are presented in terms of an upper and lower performance limit. Furthermore, both experiment and theory clearly demonstrate that a large increase in the Windcatcher ventilation rate is possible if one combines the operation of a Windcatcher with, say, an open window, and that this ventilation rate is greater than that which would be achievable from a window operating on its own. 
ABSTRACT
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INTRODUCTION

A Windcatcher
1 is a roof mounted device that is used to channel fresh air into a room whilst simultaneously drawing stale air out of the room. The Windcatcher works through the action of the wind generating a high pressure on a windward face, forcing fresh air into the room, and turbulence creating a low pressure region on the leeward face, drawing air out of the room. Thus, Windcatchers provide an alternative natural ventilation strategy when compared to more usual methods such as opening windows, or passive stacks. Of course, understanding the performance of a Windcatcher is very important if one is to successfully integrate a Windcatcher into the ventilation strategy for a building; however, very little data currently exists in the literature that quantifies the performance of these devices when operating in situ. Furthermore, whilst it is possible for a Windcatcher to operate autonomously, it is common in the summer months for them to be used in conjunction with other methods of ventilation, such as open windows. Accordingly, this article will address both of these issues by reporting new experimental data that quantifies the performance of a Windcatcher operating in situ, both with and without open windows. To better understand the measured behaviour, the semi-empirical model of Jones and Kirby (2009) is also extended here to include the effects of openable windows.
A review of Windcatcher operation and performance was recently provided by Jones and Kirby (2009 An investigation into the use of Windcatchers operating in situ also requires one to take account of normal custom and practice within the building. Here, it is common for windows also to be left open in a room that contains a Windcatcher, especially in the summer months. Kolokotroni et al. (2002a) , and later Kirk and Kolokotroni (2004) note that opening windows increases ventilation rates by up to 87% when compared to those rates provided by a
Windcatcher on its own. This increase in performance was also observed by Su et al. (2008) , who use CFD predictions to demonstrate a significant increase in net ventilation rates when combining a single opening in a façade with a circular Windcatcher. This represents a significant improvement in ventilation performance and also offers the potential to improve on rates achieved by alternative natural ventilation strategies. For example, the reliance on manually opening windows in school classrooms often fails to deliver required ventilation rates, see Beisteiner and Coley (2002) and Coley and Beisteiner (2002) . In addition, Mumovic et al. (2009) This article begins by extending the semi-empirical model of Jones and Kirby (2009) to include the effects of an opening (nominally a window) in a single façade of a room that also employs a Windcatcher. In Section 3, the empirical constants necessary for the model will be discussed and a preliminary parametric investigation into the behaviour of the system will be undertaken. In Section 4 the experimental methodology is introduced and in Section 5 the semi-empirical model is validated against measured data.
THEORY
The semi analytic model used here is a development of the one described by Jones and Kirby (2009) and so is restricted to Windcatchers with a rectangular cross-section divided up into four quadrants. Here, the Windcatcher is subjected to a wind of velocity of w u incident at an angle of θ degrees to the front face, see from the louvers to the grill is L. For a quadrant that faces into the wind (an "inlet" quadrant), air flows from the surroundings into the room and conservation of energy gives
Similarly, air flow from the room to the surroundings through a leeward quadrant (an "outlet" quadrant) gives
Here, T I and T E denote the internal and external temperature respectively, I
ρ and E ρ denote the internal and external density respectively, ρ is an average value for density over the length of a quadrant, and R is the specific gas constant for air. In addition, in u and out u denote the velocity and ‫ܭ‬ in and ‫ܭ‬ out the loss coefficient for the inlet and outlet ducts, respectively.
These energy equations must be solved simultaneously with the statements of conservation of mass, and here it is necessary first to separate different scenarios before writing the continuity 
It is convenient here to refer the incident wind velocity at the opening back to the wind velocity at room level that is used for the Windcatcher computations. This may readily be achieved using the correction equation of Liddament (1996) , and writing
where a is a topographically dependent constant. If the opening is in an area of negative pressure, then 5 2 2 5 5
The continuity equation is given by
where ܳ ሶ is the volume flow rate. The equations reduce to a series of simultaneous equations that must be solved iteratively, which has been discussed previously by Jones and Kirby (2009) . This semi-empirical model now allows quick estimations to be made of the ventilation rate through a room ventilated by a Windcatcher with and without façade openings. This makes it a very useful iterative design tool when considered against alternative prediction methods such as CFD. The time taken to generate and solve CFD models can be prohibitive for some applications if one needs a quick, easy, and reliable indication of Windcatcher performance; for example, fast calculations are often required in commercial applications.
SEMI-EMPIRICAL MODEL
The theoretical model developed in the previous section depends on a knowledge of the loss coefficients for each inlet and outlet quadrant, which we shall call here K in and K out , as well as Losses through a sharp-edged façade opening are shown by Karava et al. (2004) to be a function of its shape and location within the façade, the wind angle of incidence, and a Reynolds Number Re (based on H d for the opening). Etheridge and Sandberg (1996) show that if Re is high (>>100) losses for a sharp-edged opening can be represented by a single discharge coefficient, which may be shown to vary from . Accordingly, this latter value will be used in the semi-empirical model that follows as it fits both sets of data, although it is likely that this value is only an approximation of the actual in-situ loss factor. Liddament (1996) , Orme and Leksmono (2002) , and Santamouris and Asimakopoulos (1996) all quote similar values for buildings with an aspect ratio (length to width) of 1:1 and 2:1.
Here, a range of o (all other data is the same as for Fig. 2) . Figure 3 shows that as the wind speed increases, the buoyancy forces are less significant. When ‫ݑ‬ ௪ < 1.3 m/s, Fig. 3 shows that the estimates of volume flow rate with and without buoyancy forces diverge, suggesting that the buoyancy forces are an important consideration at low incident wind velocity for any value of C p5 . This is similar to the findings of Jones and Kirby (2009) for an autonomous Windcatcher, where the effect of buoyancy is found only to be significant for 2 w u m s < . However, Fig. 3 shows that as the magnitude of C p5 increases the predictions of volume flow rate with and without buoyancy forces cannot be said to be similar, and so should be considered whatever the wind velocity.
The accuracy of the ventilation rate predictions for a room containing both a Windcatcher and an opening depends on the constants used for the opening, namely This observation does not agree with the CFD predictions of Su et al. (2008) , who show that when a circular Windcatcher is mounted on the apex of a 30° pitched roof on a square exposed building, the opening located on the windward façade delivers the greatest ventilation rates. However, the crucial factor here is that Su et al. (2008) examine an exposed building and Liddament (1996) reports that a windward façade of an exposed building has the greatest magnitude of ‫ܥ‬ ହ , and the value one would expect under these conditions is ‫ܥ‬ ହ = 0.7. Accordingly, running the model developed here with data for an exposed building does deliver a greater extract volume flow rate for the windward face (results not shown here), in accordance with the findings of Su et al. (2008) . It is evident in Fig. 4 , however, that the volume flow rate is sensitive to the values chosen for Table 2 . Values quoted in this table for the cross sectional area (CSA) of each Windcatcher quadrant takes into account the presence of an acoustic lining, which is normally made from foam and covers the duct walls and the diagonal dividers (see Fig. 1a ). Each school is assigned an alphabetical prefix in Table 2 and each classroom monitored within a school is given a numerical suffix. All of the school buildings have been completed since 2003 and are located in urban areas in the south of England. At school F all of the windows are sealed, but at the other schools some or all of the windows may be opened manually and the estimated maximum openable area ( 5 A ) for these windows is calculated using CIBSE guidelines (CIBSE, 2005) .
A total of 56 measurements were made with the Windcatcher open and all windows closed, and 19 measurements were made with both the Windcatcher and windows open. These measurements were undertaken in empty classrooms during normal occupied hours and throughout the year in order to test a range of different environmental conditions. Ventilation rates were measured using the standard single-zone tracer gas decay method, see for example Etheridge and Sandberg (1996) , and Liddament (1996) . Sulphur hexafluoride (SF 6 ) was used as the tracer gas and was only applied to the classroom, and not any adjacent rooms or corridors. Mixing fans were used to ensure an even distribution of SF 6 throughout the room, but were not used during the measurements because they are thought to initiate artificial flow paths (Liddament 1996) . The SF 6 was measured every 45 seconds by an Innova 1312 dual gas analyser that has a reading repeatability of 1%. Measurements were taken from the centre of the room for periods of no less than 20 minutes and an estimation of the air change rate (ACR) was made by plotting the tracer gas concentration against time in accordance with Liddament (1996) , see Figure 5 . Note that the single zone gas decay method used here does not measure the rate of air flow though the Windcatcher, rather it measures the ventilation rate for the room and may also include airflow between the room and corridors. Here, Sherman (1990) suggests that ±10% is a reasonable assumption of the overall error in the measured ventilation rate, whilst Persily (2006) 
RESULTS AND DISCUSSION
The semi-empirical model is now compared against the experimental measurements to determine its suitability for use in the design of a natural ventilation strategy that incorporates The predictions presented in Figs 6 and 7 follow the method of Jones and Kirby (2009) and so two lines are drawn, one for ߠ = 0° and one for ߠ = 45°. This forms a "wedge" that is intended to encompass two extremes of operation for the Windcatcher, depending on the incident wind conditions: ߠ = 0° represents the maximum ventilation rate and ߠ = 45° the minimum. In Fig. 6 , 40% of the measured data lies within this wedge if one ignores data for ‫ܮ‬ > 1m, whereas in Fig. 7 this figure is 60% . Here, it is noted that the predictions are generally reasonable correlation with the experimental data given the complexity of the problem and support the observations of Jones and Kirby (2009) , who compared their results against data supplied by Kirk and Kolokotroni (2004) ; however, some of the measured data clearly shows that the Windcatcher is under-performing when compared to the predictions, especially for the 800 mm square Windcatcher. The reasons for this are not fully understood, although it is possible that the external wind conditions estimated from the Met. Office data did not accurately represent the true local conditions when the measurements took place.
Alternatively, it is possible that some operational issues with the Windcatcher have occurred and that further investigation is necessary. Nevertheless, the action of the Windcatcher and its ability to act autonomously in the generation of ventilation in a room is clearly evident in show that the ventilation rates provided by these windows on their own were greater than those measured by Beisteiner and Coley (2002) , Mumovic et al. (2009) , and this may be a function of their type, see Table 2 . However, the results indicate that, despite the improved individual performance of these windows, Windcatchers are still capable of significantly increasing ventilation rates when combined with the windows. Therefore it is evident that this configuration could be used to achieve high levels of ventilation through a room in order to deliver good IAQ levels, as well as dissipate large preferable to open windows that maximise this value and here the appropriate window will depend on the topography of the building as well as the prevailing wind conditions.
CONCLUSIONS
This paper has detailed a tool for estimating the performance of a Windcatcher from basic data that is typically available to the engineer in the building design phase. The methodology uses only data that one could reasonably be expected to have for a building's performance prior to estimating the behaviour of the Windcatcher. 
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